The visibility of a Si crystalline nanoparticle of diameter 2 nm embedded in an amorphous SiO 2 layer is evaluated quantitatively by multislice calculation. The visibility depends on the crystal orientation of the Si nanoparticle, the thickness of the amorphous SiO 2 layer and the defocus. Scherzer defocus always gives the highest visibility at any crystal orientation. The visibility is higher when the incident beam is parallel to the (111) planes and the (111) fringes are most visible. The image of a Si nanoparticle is obscured by random images from the amorphous SiO 2 layer and the Si nanoparticle becomes invisible when it is misoriented or the amorphous layer is thicker than 60 nm. The probability that a Si nanoparticle can be distinguished from the random noise of amorphous images is 89% when the thickness of the amorphous SiO 2 layer is 12 nm, but this is reduced to 21% when the layer is 48 nm thick. These quantitative results are useful when estimating the density of Si nanoparticles including invisible nanoparticles.
Introduction
Fine particles several nanometers in size show very different properties from bulk material because of quantum confinement effects. Nanoparticles of various materials have been synthesized and analyzed because of their attractive properties for science and industry [1] [2] [3] [4] [5] [6] [7] .
Transmission electron microscopy (TEM) is usually used to confirm that such nanoparticles exist in a specimen. In particular, TEM is necessary to measure the particle size and size distribution, because the Scherrer formula used in X-ray diffraction studies is inaccurate for nanoparticles of <5 nm.
In almost all cases, the synthesized nanoparticles are embedded in a matrix that may be amorphous and the specimen is thinned for TEM observation by ion milling, a focused ion beam technique or an ultramicrotome technique etc. Even if the nanoparticles are dispersed in a solution, they must be supported on a thin film, for example an amorphous carbon thin film. The amorphous matrix or the supporting film often interferes with the TEM images of the nanoparticles. The images of the nanoparticles fade away completely when the amorphous layer is too thick.
How thin is thin enough for the amorphous layer in order to be able to observe the nanoparticles clearly?
Nanoparticles may be observed as dark contrast in bright field images that are taken using a small objective aperture, since nanoparticles of even 2 nm diameter reflect electron waves strongly enough to generate scattering contrast in bright field images. However it is not always easy to determine whether an area of dark contrast is an image of a nanoparticle of interest, because such dark contrast can also be generated by contamination or irregular forms in the amorphous support films.
In high-resolution TEM images, nanoparticles show several fringes of the lowest Miller index reflection. It is possible to distinguish whether the images are nanoparticles of interest or not by measuring the lattice distance. The visibility of the fringes depends not only on the thickness of the amorphous layer but also on crystal orientation. When the lowest Miller index planes are nearly parallel to the incident electrons, the particles are seen clearly. However the particles may be invisible when they are misoriented. Since the orientation of the particles is usually random in Journal of Electron Microscopy 1 of 7 on behalf of Japanese Society of Microscopy. All rights reserved. doi:10.1093/jmicro/dfl026 For permissions, please email: journals.permissions@oxfordjournals.org the amorphous layer, some particles are visible but others are invisible. Which particles are visible? What is the probability of distinguishing the particles in a TEM image?
Some researchers have already investigated the visibility of nanoparticles in amorphous matrices [8] or crystalline matrices [9, 10] . Shieh et al. [8] investigated the visibility of small crystallites of Pd 3 Si embedded in an amorphous Pd 80 Si 20 matrix and reported that the relative thickness of the amorphous layer and the focus influence the visibility. However, crystal orientation was fixed at [001] incidence in this investigation. Such a low Miller index makes the visibility of the nanoparticle highest, but it is to be expected that visibility decreases when the nanoparticles are misoriented. So far, the crystal orientation of the nanoparticles has never been considered in the estimation of nanoparticle visibility.
To answer the above questions, images of nanoparticles embedded in an amorphous matrix are simulated by the multislice method [11] with various thicknesses of amorphous layer and various crystal orientations. In this study, a small crystalline Si particle of 2 nm diameter embedded in a SiO 2 matrix is chosen as an example, because such small Si nanoparticles show visible light photoluminescence [12, 13] and the mechanism is still controversial [14, 15] .
Method
The model of the Si nanoparticle used in this study is a single crystal of the diamond structure with a lattice constant of 0.543 nm and an outline shape of a truncated regular octahedron as shown in Fig. 1a . The particle is surrounded by eight {111} planes and six {100} planes. The distance between {100} planes facing each other is 4 times of the lattice constant, that is 2.17 nm. The number of Si atoms included in the model nanoparticle is 268.
Electron incidences are chosen in 17 directions as shown in a stereographic triangle in Fig. 1b . The particle was sliced normal to the incident direction, and all slices are of 0.5 nm thickness.
Projected potential for each slice is to be prepared in the multislice method to calculate the phase shift of the electron wave in the slice. It is usually obtained from an inverse Fourier transformation of the structure factor for crystalline structure models [16] . However, a structure factor cannot be defined for the amorphous layers. In this study, a pseudo structure factor is prepared considering a radial distribution function as follows.
Diffraction intensity profiles taken experimentally have some broad peaks because of the radial distribution function [17, 18] . The amplitude of the pseudo structure factor for the amorphous SiO 2 films is set to be proportional to the square root of the experimental diffraction intensity except at the center. The constant of proportionality is determined so that the simulated scattering intensity is consistent with the experimental results.
The amplitude at the center is determined by the product of the inner potential of SiO 2 and the slice thickness, because the amplitude at the center is equal to the mean value of the inverse Fourier transform function that is the projected potential. The inner potential of SiO 2 has already been measured by electron holography [19] [20] [21] . The reported values are slightly different but they are within the range 10.5-11.9 eV. Here a value of 11.5 eV [21] is adopted. The phase of the pseudo structure factor at the center is chosen to be zero.
On the other hand, the phases of the pseudo structure factor are substituted for using a function for generating random numbers computationally. The projected potential must have pure real values and therefore the phases are substituted for so as to make the following equation valid:
Here f *(k) is a complex conjugate of a pseudo structure factor f(k).
This procedure is very similar to that used in an optical technique to simulate amorphous random images [22] . The optical technique produces a phase-randomized image in three steps: a diffractogram is formed from an original TEM image, the phases are randomized by inserting a random phase screen, and finally a reverse optical transform leads to the phase-randomized image. In this study, the experimental diffraction intensity is used to substitute for the amplitude of the pseudo structure factor, and the random phases are substituted for computationally.
Many slices are prepared using the above procedure. Each slice contains different projected potentials because the phase in the pseudo structure factor is generated using random numbers. The lateral dimension of the slices is 10 · 10 nm 2 and all the slices are of thickness 0.5 nm. The slices are divided into 512 · 512 pixels for Fourier transformation. These slices are stacked above and below the Si nanoparticle to make the amorphous layer. The thicknesses of the amorphous layers were chosen as 12, 24, 36 and 48 nm, with half of the layer above the nanoparticle and the other half below it. The space surrounding the nanoparticle is unoccupied, because the contribution from the potential just beside the nanoparticle is smaller than that from the potential above and below the nanoparticle. The parameters of an electron microscope used in the multislice calculation are given in Table 1 . The image simulations were carried out using software developed by the author [23] .
Results
Figure 2a is an example of the pseudo structure factor. It shows only amplitude with the phases randomized computationally. The projected potential used in the multislice image simulation is obtained from inverse Fourier transformation of the pseudo structure factor as shown in Fig. 2b . Figure 3 shows the intensity ratio of electrons transmitted through the amorphous SiO 2 thin film to the incident electrons. Two experimental observations are shown as filled circles. A specimen of an amorphous SiO 2 film was prepared by a laser ablation technique and was thinned using an ion milling technique. An energy filtering electron microscope JEM-3100FEF [24] was used in this study in order to remove any inelastic contribution. The diffraction patterns were recorded on imaging plates, because the dynamic range is very wide and the sensitivity is linear with the electron intensity [25] . The intensity of the center spot and the intensity of diffracted electrons were measured quantitatively. The amorphous SiO 2 film thickness is estimated from Kramers-Kronig analysis of electron energy-loss spectra [26] .
Open triangles in Fig. 3 show simulation results calculated without the nanoparticles. These results are consistent with the experimental results, and it shows that the amorphous slice model used in this study is workable.
Some examples of simulated images of Si nanoparticle are shown in Fig. 4 Fig. 4i ). 
Discussion
An electron microscope image depends on defocus because the contrast transfer function tunes frequency components that contribute to the images. The standard deviations of the image intensity histograms for the Si nanoparticles embedded in an amorphous layer of 12 nm thick are calculated with various defocuses and orientations. The results are shown in Fig. 5a . A larger standard deviation means that the image contrast is higher.
The standard deviation has a maximum at the Scherzer defocus value when the incidence is [110] or [211] , because {111} planes are parallel to the incident beam. Considering the contrast transfer function displayed by the red curve in Fig. 5b , the {111} reflections contribute to image contrast efficiently while the {220} reflections are nullified.
A second maximum appears at a defocus of about 100 nm. At this defocus {220} reflections contribute to the image contrast as much as {111} reflections (see the blue curve in Fig. 5b ). The {220} reflections are strongly excited when the incidence is [100] or [111] , and thus it is expected that the contrast is higher at a defocus of around 100 nm than at the Scherzer defocus in the cases of [100] or [111] incidence. However the standard deviations for these cases are unchanged from that for the Scherzer defocus. The standard deviation has a maximum at the Scherzer defocus even when the incidence is misoriented (see the dark blue curve in Fig. 5a ). This is because the higher reflections are smeared out faster by the broad reflection intensity from the amorphous layer.
Higher contrast is better for distinguishing the nanoparticle. Hereafter visibility is discussed using images calculated at Scherzer defocus only.
Diffractograms are often used to distinguish lattice fringes from random noise due to amorphous structures. Spots due to {111} or {220} planes are seen in some diffractograms shown as insets in Fig. 4 , but they are overlaid with the broad intensity ring caused by the SiO 2 amorphous layer. They are buried when the amorphous layer is too thick or the nanoparticle is misoriented. Diffractograms are useful when the particle size is large enough or the incidence direction can be aligned with the lower Miller indices. In this study, various orientations must be taken into account, and thus diffractograms are not always useful in estimating the visibility.
To estimate the visibility of the nanoparticles, image intensity histograms are analyzed. Figure 6 shows intensity histograms for the images in Fig. 4 . Open circles are obtained from the area in which the nanoparticle is and filled triangles are obtained from another area where there is amorphous material only. The vertical axes are normalized with the area and thus the integral of each histogram is unity. The incident directions and the amorphous layer thicknesses are described in the figure caption.
Gaussian distribution functions that are shown by solid curves in Fig. 6 can be fitted well to the histograms of the amorphous layer. The mean of the fitted Gaussian function is always unity because the incident electron intensity is normalized to unity. The standard deviations are 0.035 for (a), (c) and (e), and 0.053 for (b), (d) and (f). Naturally, they are the same for the same thickness of amorphous layer. On the other hand, the intensity histograms for the nanoparticles are broadened out compared with the histograms for the amorphous layer because the contrast for the nanoparticles is usually higher than that for the amorphous layer. The histograms for the particles become close to the histograms for the amorphous layer when the thickness increases or the nanoparticle is misoriented. The frequencies away from the histogram for the amorphous layer can be used to estimate the visibility of the nanoparticle.
Here, the sum of the frequencies less than 1 -1.96s and more than 1 + 1.96s, where s is the standard deviation of the histogram for the amorphous layer, is used to estimate the visibility. The range between 1 -1.96s and 1 + 1.96s is shown in Fig. 6 by arrows. According to the Gaussian distribution function, 95% of the intensity frequency is included in the range and 5% is outside the range. Therefore, the nanoparticle is invisible when the value of the frequency out of the range is < 5% because the nanoparticle image is completely buried by the image intensity of the amorphous layer. Hereafter the value of the frequency out of the range is referred to as the visibility of the nanoparticle.
The visibilities of the nanoparticle are shown in Fig. 7 Fig. 1b) .
The visibility is highest at [110] incidence for any thickness of the amorphous layer. The visibility at [211] incidence is higher than at the [100] and [111] incidences. It is also clear that the visibility is higher along the line from [110] to [211] . When the incident direction is on this line, the (1 11) planes are always parallel to the incident direction. This means that {111} fringes are most visible rather than {022} fringes.
What visibility is necessary for distinguishing a nanoparticle? Images where the incident direction is tilted from [110] by 9 are shown in Fig. 8 . The thickness of the amorphous layer is 12 nm, 24 nm, 36 nm or 48 nm. The visibility of the nanoparticle decreases from 13.6% to 6.1% as the amorphous layer thickness increases. The nanoparticle can be distinguished in (a) to (c), but it is difficult to declare that there is a nanoparticle in (d). The threshold that is the border between visible and invisible cannot be defined strictly, but it is taken to be 8%. In Fig. 9 , visibility is displayed as a contour map on a stereographic triangle. Areas in which the visibility is higher than 8% are shaded. It is clear that the shaded area becomes smaller as the thickness of the amorphous layer increases. The visibility remains highest on a line between [110] and [211] incidences because the {111} planes are nearly parallel to this incidence.
The probability of finding a nanoparticle can be defined from the area where the visibility is higher than 8%, and it is estimated from the sizes of shaded areas in Fig. 9 . The probability of finding a nanoparticle depends on the thickness of the amorphous layer as shown in Fig. 10 . When the amorphous layer thickness is 40 nm, half of the nanoparticles are visible and the other half are invisible. The probability vanishes to zero when the amorphous layer is $60 nm. This means that the amorphous film must be thinned to 60 nm or less in order to observe Si nanoparticles of 2 nm in diameter, and it is better to thin it to less than 40 nm.
The probability of finding a nanoparticle can be rephrased as a ratio of visible nanoparticles to all nanoparticles in a specimen. The actual density of nanoparticles including the invisible nanoparticles can be estimated by dividing the measured density by the appropriate probability. In this case, the thickness of the specimen must be known, but it is possible to measure this by electron energy-loss spectroscopy [26] or electron holography.
Conclusion
The visibility of a Si nanoparticle embedded in an amorphous SiO 2 layer is calculated by multislice image simulation. The visibility depends on the crystal orientation as expected from experiment. Some particles can be distinguished in a TEM image, but invisible particles also exist in the specimen. The probability of finding a nanoparticle is derived in this study. Using these results it is possible to estimate the actual density of nanoparticles in a specimen. When no particle image is distinguished in a TEM image, it is not clear whether there are no particles or whether there are some particles but they are invisible. In this case, the likelihood of there being no nanoparticles can be estimated quantitatively by using the probability provided by this study. 
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